N-doped TiO 2 nanorod arrays (NRAs) were prepared by annealing the TiN nanorod arrays (NRAs) which were deposited by using oblique angle deposition (OAD) technique. The TiN NRAs were annealed at 330 ∘ C for different times (5, 15, 30, 60, and 120 min). The band gaps of annealed TiN NRAs (i.e., N-doped TiO 2 NRAs) show a significant variance with annealing time, and can be controlled readily by varying annealing time. All of the N-doped TiO 2 NRAs exhibit an enhancement in photocurrent intensity in visible light compared with that of pure TiO 2 and TiN, and the one annealed for 15 min shows the maximum photocurrent intensity owning to the optimal N dopant concentration. The results show that the N-doped TiO 2 NRAs, of which the band gap can be tuned easily, are a very promising material for application in photocatalysis.
Introduction
Since the first report of photocatalytic splitting of water using titanium dioxide (TiO 2 ) photoanode by Fujishima and Honda in 1972 [1] , TiO 2 has been extensively studied and has been considered as one of the superior candidates for solving environmental concerns due to its cheapness, photostability, chemical inertness, nontoxicity, and strong photocatalytic activity [2] . However, the wide applications of TiO 2 are limited due to its large band gap (ca. 3.2 eV and 3.0 eV for anatase and rutile, resp.), which makes it active only under ultraviolet (UV) (i.e., using less than ca. 5% of the solar energy) [3] . To enhance the solar energy conversion efficiency of TiO 2 , one of the strategies is to enhance its photoresponse activity in the visible light, which composes a greater portion (ca. 45%) of the solar spectrum [4] . Visible light activity of the TiO 2 has been achieved by several strategies such as coupling with dyes [5] and sensitizing with semiconductors [6] which have proper conduction band levels and doping with impurities [7] . Doping with nonmetal ion may be a promising way to avoid the deterioration of the thermal stability of TiO 2 lattice [8] . Many reported doping with various substances, such as with nitrogen [9] , sulfur [10] , fluoride [11] , and carbon [12] . Since Asahi et al. [9] reported that the band gap narrowed by N doping improved the photocatalytic activity of TiO 2 in visible light, N doping has been considered as one of the most effective approaches to shift the optical response of TiO 2 from the UV to the visible spectral range. There are mainly two major ways to prepare the N-doped TiO 2 . One of which is based on incorporation of N into TiO 2 lattice by ion-implantation technique [13] , reactive magnetron sputtering [14] , hydrothermal method [15] , and so forth. The other method, also used in this work, relies on oxidation of TiN , [16, 17] which is a facile method to fabricate N-doped TiO 2 .
The other way to enhance the solar conversion efficiency is to obtain good electron-hole separation characteristics by reducing the recombination centers and increasing the charge transfer [18] . Fabricating nanostructures such as nanoparticles, nanotubes, nanowires, nanobelts, and nanorods is a promising way to enhance solar energy conversion efficiency of TiO 2 , since nanostructures exhibit many desirable characteristics for effective photocatalysis such as efficient and tunable optical absorption, large surface areas, short charge carrier diffusion lengths, and low reflectivity [19] . One-dimensional (1D) nanostructures are expected to have improved charge-transport properties compared to zerodimensional (0D) nanostructures because of the direct conduction pathways in nanorods versus electron hopping in nanoparticles system. 1D nanostructures can be obtained by organometallic chemical vapor deposition (OMCVD) [20] , hydrothermal processes [21] , glancing angle deposition (GLAD) [22] , and oblique angle deposition (OAD) [23] . Compared with other fabrication methods, OAD technique provides a simple way to produce large area, uniformed, aligned nanorod arrays with controlled porosity. OAD technique is a unique physical vapor deposition process, where the vapor flux is incident onto a substrate at a large angle ( > 70 ∘ ) with respect to the substrate normal. Due to the selfshadowing effect, well aligned and separated nanorod arrays, tilting toward the direction of the vapor flux, can be produced [24] . The film prepared by OAD technique presents a porous microstructure, where nanometer size columns with a high internal porosity are separated by wide pores which extend from the substrate to the film surface [25] . This microstructure is of significant advantage in increasing the interface of nanorod and solution. Moreover, films deposited on glass, FTO, Si, or other substrates by OAD technique are convenient to be reused compared with the 0D nanostructures.
Herein, we report the visible light photoelectrochemical properties of N-doped TiO 2 nanorod arrays (NRAs) by oxidation of TiN nanorod arrays (NRAs), which are fabricated using OAD technique. The concentration of N dopant in the TiO 2 is controlled by changing the annealing time at 330 ∘ C. The photoelectrochemical properties of the N-doped TiO 2 NRAs in visible light are improved obviously compared with that of bare TiO 2 NRAs and TiN NRAs. 2 NRAs. The TiN NRAs were deposited on quartz and F-doped SnO 2 (FTO) substrates by using oblique angle deposition technique (OAD) described elsewhere [26] , of which quartz substrates were used for UV-vis transmittance measurement. The substrates were ultrasonically cleaned sequentially in acetone and alcohol and then rinsed in deionized water for 5 minutes each. The system was pumped down to a vacuum level of 2 × 10 −5 Pa, and then TiN NRAs were deposited at a deposition rate of 0.5 nm s −1 , of which the thickness was monitored by a quartz crystal microbalance. To produce aligned TiN NRAs, the incident beam of TiN flux was set at ca. 85
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∘ from the normal of the substrate, and the substrate temperature was controlled at ca. 
Characterizations.
The crystal structure of the TiN NRAs and N-doped TiO 2 (annealed TiN NRAs) was characterized by X-ray diffraction (XRD Rigaku 2500) using Cu K radiation. The morphology was characterized by using a field emission scanning electron microscopy (SEM JEOL-7001 F). The microstructures of prepared samples were also characterized with a transmission electron microscope (TEM JEOL-2010 F). Transmittance spectra were recorded using a UV-vis spectrophotometer (PerkinElmer Lambda 35). The XPS experiments were performed on the samples with PHI 5300 (Perkin Elmer). The binding energy of the XPS spectra was calibrated with the reference to the C 1s peak at 284.6 eV.
Photoelectrochemical measurements were performed in a 250 mL quartz cell using a three-electrode configuration, which are composed of the prepared samples as a working electrode, a Pt foil as a counter electrode, a saturated Ag/AgCl as a reference electrode, and 1 M KOH as an electrolyte. The photocurrent intensity versus potential (I-V curve) measurements was performed by an electrochemistry workstation (CHI 660, Chenhua Instrument). The working electrode was illuminated with a 300 W Xe lamp. An ultraviolet cutoff filter was inserted between the light source and the quartz cell to exclude UV light with the wavelength below 420 nm. The photocurrent dynamics of the working electrode were recorded according to the response to sudden switching on and off at 0 V bias versus Ag/AgCl. (200) peak exhibits a shift towards higher diffraction angles as the annealing time increasing from 5 min to 30 min, which can be ascribed to the substitution of oxygen for nitrogen in TiN in the annealing process considering the fact that the atomic radius of oxygen is smaller than that of nitrogen [27] . Similar behavior has been reported and attributed to titanium oxynitride formation [28] . Further increasing the annealing time to 60 min and 120 min, the TiN (200) peaks disappear, indicating that the TiN may has been converted to TiO 2 which is observed by TEM as shown later. ∘ with respect to the substrate normal due to the high angle of the incident adatom plume to the substrate ( = 85 ∘ ) [24] . The porous structure was formed during the deposition process due to the selfshadowing effects and the limited mobility of the deposited atoms [29] . The morphologies of the TiN NRAs annealed at 330 ∘ C for 5 min, 15 min, 30 min, 60 min, and 120 min do not change and are identical with those of the as-deposited NRAs as shown in Figures 2(b)-2(f) .
Results and Discussion
In order to further investigate the microstructures of the as-prepared TiN NRAs and the ones annealed, TEM is performed. Figure 3(a) shows the low-resolution TEM image of the as-prepared TiN NRAs. One can see that the nanorod is of length of ca. 600 nm and diameter of ca. 80 nm which is in agreement with the SEM results. The nanorod exhibits a pine needle structure, leading to a significant enhancement in the overall surface area, which is much higher than that of nanorod with smooth or uniform surface. This microstructure can facilitate the performance of photoelectrochemistry due to the 1D structure with high specific surface area. Figure 3 (b) displays the high-resolution TEM (HRTEM) image of the as-prepared TiN NRAs. The TiN crystalline grains can be seen clearly with interplanar lattice spacing of 0.212 nm, corresponding well with that of (200) plane. TiN can be converted into TiO 2 by a complete oxidation in air at medium temperature [30, 31] . The oxidation occurs from the surface to the inner of nanorods with diffusion of O 2 through the gap between the nanorods [32] . The annealing time is the critical parameter in the oxidation process if the temperate is fixed. Large parts of TiO 2 are present in amorphous state in the 15 N-TiO 2 NRAs that were annealed for 15 min at 330 ∘ C, and only trace amount of TiO 2 crystalline grains with interplanar lattice spacing of 0.354 nm is formed as shown in Figure 3(c) . Further increasing the annealing time to 120 min, there are a great number of TiO 2 crystalline grains and no TiN crystalline is found as shown in Figure 3(d) , which is in agreement with the XRD result. Figure 4 (a) shows the UV-visible light transmittance spectra of the TiN NRAs annealed for different times at 330 ∘ C. TiN films were assumed to be opaque with thickness of several tens of nanometers in previous report [32] ; however, the transmittance of the as-prepared TiN NRAs in this study is ca. 25% in visible light. With increase in annealing time, the transmittance increases gradually at the wavelength of 300 nm to 600 nm, which may be due to the difference in the degree of oxidation of the films from TiN to TiO 2 . The spectra are characterized by a good regularity of the interference fringes and a systematic increment in wavelength in which the film practically ceases to be transparent in the visible range. This behavior has been previously observed in TiO 2 doped with metals [33] . The optical gap ( ) of the semiconductor with large band gap can be determined from the absorption coefficient . If scattering effect is neglected, the absorption coefficient can be expressed by ( ) = ( − ℎ ), where = 1/2 for an indirect transmission [34] . It could be presumed that the film mixed Journal of Nanomaterials with TiO 2 and TiN is the indirect semiconductor [35] , similar to TiO 2 . The Tauc [36] plot of ( ) 1/2 versus photon energy ( = ℎ]) is shown in Figure 4(b) . Usually, the band gap can be obtained by extrapolating the linear region to ( ) 1/2 = 0. The band gap of the as-deposited TiN NRAs is ca. 1.49 eV, corresponding well with the previous report [37] . The band gap of the 120 N-TiO 2 NRAs is 3.19 eV, which is very close to that of reported anatase TiO 2 (3.2 eV), showing that the TiN is converted to TiO 2 completely by annealing for 120 min [38] . The band gap varies from 1.49 eV to 3.19 eV with increase in annealing time. This result is particularly interesting from the photo-catalysis viewpoint because it is possible to tune the onset of the absorption to the desired visible wavelength.
Photocurrent intensity has been regarded as one of the most efficient methods to evaluate the photocatalytic activity of photocatalyst, and it has been recognized that a high photocurrent intensity suggests a high efficiency for electrons and holes generation and separation, and thus a high photo-catalytic activity [39] . To test the photoelectrochemical properties of the TiN NRAs annealed for different times at 330 ∘ C (i.e., N-doped TiO 2 NRAs) under visible light irradiation, photocurrent densities were measured in the light on-off process with a pulse of 30 s by the potentiostatic technique [40] . Under 130 mW/cm 2 of visible light illumination and 0 V bias versus Ag/AgCl, all of the N-doped TiO 2 NRAs exhibit photocurrents as shown in Figure 4(a) . However, the photocurrent intensity of TiN NRAs can be neglected compared with that of the N-doped TiO 2 samples. For all N-doped TiO 2 NRAs, the photocurrent value goes down to zero as soon as the light is turned off, and the photocurrent intensity comes back to the original value as soon as the light is turned on again. Such a photocurrent response is highly reproducible for numerous on-off cycles.
For the N-doped NRAs, an initial fast increase in the photocurrent intensity is recorded, followed by a decrease in the photocurrent intensity with time under visible light; it can be assumed that lots of electrons and holes generated in the N-doped TiO 2 leading to a fast photocurrent intensity increase when the light is switched on, then electrons transfer through the nanorod and one part of the electrons vanishes in the recombination center, and the photocurrent intensity decreases and remains a steady state; this behavior is common for TiO 2 electrode and can be described in terms of a classical onset of recombination [41] . Among N-doped TiO 2 NRAs, the photocurrent intensity of which annealed for 15 min (15 N-TiO 2 NRAs) reaches a maximum, and the photocurrent intensity becomes lower while increasing or decreasing the annealing time, the phenomenon can be ascribed to the state and concentration of nitrogen in TiO 2 NRAs which will be discussed later. , demonstrating a shift in the Fermi level to more negative potential as a result of N doping in TiO 2 . As shown previously, better charge separation and electron accumulation in the semiconductor shift the Fermi level to more negative potential [42] . However, the oc of the 120 N-TiO 2 NRAs, which can be considered as pure TiO 2 that we discussed earlier, is 0.112 V, which is much positive than that of TiN NRAs. That the oc varies may be attributed to the difference in concentration and the state of N in TiO 2 . Figure 5 2 (15 N-TiO 2 NRAs), which can be ascribed to the narrower band gap from 3.19 eV to 2.89 eV. However, the photocurrent intensity of 5 N-TiO 2 NRAs decreases as compared with that of 15 N-TiO 2 NRAs. Therefore, the optimal condition for obtaining photocurrent intensity is controlling the annealing time in the range from 5 min to 15 min in this system. Figure 6 shows the N 1s XPS spectra core level of asprepared TiN and which was obtained from the TiN NRAs annealed for 5 min, 15 min, and 120 min. For the as-prepared TiN, there is a peak at ∼395.9 eV, which is characteristic of N 3− corresponding to TiN, [13, 43] and the N 1s peak at ∼398.8 eV can be ascribed to chemisorbed molecular nitrogen [44] . The N 1s peak at ∼399.6 eV in 5 N-TiO 2 and 15 N-TiO 2 is ascribed to the incorporated nitrogen dopant in TiO 2 as interstitial N with formation of Ti-N-O or Ti-O-N oxynitride [43, 45] . It is supported that the peak at 400.3 eV for 120 N-TiO 2 NRAs can be assigned to well-screened -N (essentially adsorbed N) [13] and the high binding energy peaks (401.6 eV and 402.7 eV) are generally considered to be characteristic of N-O bonds [46] , while the peaks at 398.5 eV can also be ascribed to chemisorbed molecular nitrogen. In the oxidation process, TiN is converted to TiO 2 gradually as shown in previous results, and the nitrogen is substituted by oxygen due to the higher active of oxygen, forming Ti-N-O bond as shown in the 5 N-TiO 2 NRAs and 15 N-TiO 2 NRAs. At the same time, the peak at 395.9 eV ascribed to TiN vanishes in 120 N-TiO 2 NRAs, which is in agreement with the TEM results (Figure 3(d) ). It can be assumed that the photoelectrochemical performance of the N-doped TiO 2 in visible light is attributed to the result of mixing of N 2p acceptor states located just above the top of the valence band Binding energy (eV)
Intensity (a.u.) with the O 2p states of TiO 2 , which empower them with visible-light driven photocatalytic ability [9] . The photocurrent intensity is 6.04 A/cm 2 , 52.43 A/cm 2 , 45.02 A/cm 2 for the 120 N-TiO 2 NRAs, 15 N-TiO 2 NRAs, and 5 N-TiO 2 NRAs, respectively, and the photocurrent intensity of 15 NTiO 2 NRAs reaches the maximum. However, the integrated area for the peak at 399.6 eV, which is considered as the concentration of doping N in TiO 2 , is 0%, 17.29%, and 18.68%, respectively. It may indicate that N dopant enhances the photocurrent intensity, but exceeding content of N will decrease the photocurrent density because of the generation of electron-hole recombination centers arising from higher doping impurities [17] . Therefore, it is very important to control the doped nitrogen concentration in TiO 2 to obtain a high photocurrent intensity in visible light.
Summary
In summary, N-doped TiO 2 NRAs were prepared by annealing the TiN NRAs which were deposited by means of angle deposition (OAD) technique. The TiN NRAs were annealed at 330 ∘ C for different times (5 min, 15 min, 30 min, 60 min, and 120 min). The band gap of annealed TiN NRAs (N-doped TiO 2 NRAs) shows a significant variance with annealing time and can be controlled readily by varying annealing time. All of N-doped TiO 2 NRAs exhibit enhanced photocurrent intensity when irradiated in visible light, and the one annealed for 15 min has the maximum photocurrent intensity owing to the optimal N dopant concentration. The results are very promising for the band gap modification with the application in photocatalysis.
